The aim of this study was to investigate the influence of supplementing growth medium with unsaturated fatty acids on the technical properties of the probiotic strain Lactobacillus johnsonii NCC 533, such as heat and acid tolerance, and inhibition of Salmonella enterica serovar Typhimurium infection. Our results showed that the membrane composition and morphology of L. johnsonii NCC 533 were significantly changed by supplementing a minimal Lactobacillus medium with oleic, linoleic, and linolenic acids. The ratio of saturated to unsaturated plus cyclic fatty acids in the bacterial membrane decreased by almost 2-fold when minimal medium was supplemented with unsaturated fatty acids (10 g/ml). The subsequent acid and heat tolerance of L. johnsonii decreased by 6-and 20-fold when the strain was grown in the presence of linoleic and linolenic acids, respectively, compared with growth in oleic acid (all at 10 g/ml). Following acid exposure, significantly higher (P < 0.05) oleic acid content was detected in the membrane when growth medium was supplemented with linoleic or linolenic acid, indicating that saturation of the membrane fatty acids occurred during acid stress. Cell integrity was determined in real time during stressed conditions using a fluorescent viability kit in combination with flow cytometric analysis. Following heat shock (at 62.5°C for 5 min), L. johnsonii was unable to form colonies; however, 60% of the bacteria showed no cell integrity loss, which could indicate that the elevated heat inactivated vital processes within the cell, rendering it incapable of replication. Furthermore, L. johnsonii grown in fatty acid-enriched minimal medium had different adhesion properties and caused a 2-fold decrease in S. enterica serovar Typhimurium UK1-lux invasion of HT-29 epithelial cells compared with bacteria grown in minimal medium alone. This could be related to changes in the hydrophobicity and fluidity of the membrane. Our study shows that technical properties underlying probiotic survivability can be affected by nutrient composition of the growth medium.
Probiotics are defined as "live microorganisms, which when administered in adequate amounts confer a health benefit on the host" (11) . Retaining probiotic viability through to the intestine presents major technological and biological hurdles, given the extreme conditions that probiotics encounter during production and storage and in the harsh environment of the stomach. During production and processing, probiotics undergo several stresses such as substrate depletion (end of fermentation) and osmolarity and temperature shock (freeze or spray drying) (25, 35, 43) , and yet they must remain viable during storage until consumption (8, 19, 34) . When exposed to such stresses, bacteria generally activate a general stress response that involves upregulation of certain genes. This survival mechanism includes synthesis of chaperone proteins (such as groESL and dnaK) (7, 32, 36, 51) and proteases (48) and mechanisms which alter energy maintenance (45) . Bacteria can also change the composition of the cell membrane when exposed to stress in order to maintain proper membrane fluidity (homeoviscous adaptation) (38) , which is an important factor in coping with stress conditions (9, 47) . Proper fluidity of the membrane is essential for the mobility and functionality of embedded proteins and lipids, diffusion of proteins and other molecules across the membrane, and appropriate separation of membranes during cell division. Membrane fluidity can be altered by changing the ratio of saturated to unsaturated fatty acids in the membrane, with the double bond in unsaturated fatty acids preventing lipids from being closely packed and thus increasing fluidity. Bacteria can alter the composition of the membrane fatty acids by a number of processes, including cyclopropanation, cis-trans isomerization, (de)saturation, or the incorporation of free exogenous fatty acids into the membrane (7, 9, 18, 21) . It has been reported that bacterial membrane composition changes during acid shock (5, 23) , osmolarity fluctuations (46) , freeze-drying (31) , and exposure to suboptimal growth temperatures (16) .
Fatty acids are essential nutrients for many lactic acid bacteria (LAB), and supplementation of growth medium with fatty acids can influence the membrane composition and growth rate (20, 49) . However, free fatty acids can also be bacteriostatic or bactericidal, depending on the bacterial strain, fatty acid concentration, and degree of saturation (18) . Oleic acid, often used in the form of Tween 80, is a known stimulant for LAB growth and has been reported to have protective effects against stress (7, 49) . For example, Tween 80 increased survival of Lactobacillus rhamnosus GG after exposure to gastric juice, while stearic, elaidic, linoleic, and conjugated linoleic acids did not increase survival (7) . Furthermore, a significant membrane desaturation was observed after gastric juice exposure when medium was supplemented with Tween 80. The protective effect of fatty acid supplementation is not limited to LAB. In Escherichia coli, for instance, growth medium enriched with oleic acid increased tolerance to heat and ethanol, while these effects were not observed with linoleic and linolenic acid enrichment (40) .
The cell membrane can also play a critical role in adhesion to intestinal epithelial cells. Adherence to epithelial cells is one criterion considered to be of importance in order for probiotics to prevent gut colonization or invasion of pathogenic bacteria, such as Bacteroides vulgatus, Clostridium difficile, Salmonella enterica serovar Choleraesuis, Staphylococcus aureus, and certain E. coli strains (1, 3, 6, 26, 37) . Thus, by adhering to epithelial cells the probiotics sterically hinder the pathogen from reaching the binding sites needed to initiate invasion (3) . The competitive exclusion mode of action could be a result of interference with the bacterial type 1 fimbriae (e.g., in Salmonella) required for initial adherence to the epithelial cells (12) . In this respect, it has been shown that free unsaturated fatty acids in the growth medium changed adhesion sites in Caco2 cells and prevented Lactobacillus strains from adhering in vitro (22) . However, at low concentrations ␥-linolenic and arachidonic acids promoted growth and adhesion, respectively, of Lactobacillus casei Shirota. This indicates that fatty acids can interfere or promote adhesion of intestinal bacteria.
The present study used a nutritional approach to modulate the saturation level in the membrane of Lactobacillus johnsonii and investigated the survival following heat and acid stress. ; Sigma) acid was added to MLM ϩ at a rate of 10 g/ml. The number of CFU was determined by serial dilutions in maximum recovery diluent (MRD; Sigma), and subsequently 10 l was spot plated and incubated anaerobically (Anaerocult A; Merck, Jersey City, NJ) for 72 h at 37°C on MRS agar plates.
MATERIALS AND METHODS

Bacterial
S. enterica serovar Typhimurium UK1-lux was kindly donated by University College Cork ([UCC] Microbiology Department) and used for exclusion experiments. S. Typhimurium UK1-lux has the lux vector p16Slux integrated in the 16S DNA locus of the chromosome, allowing quantification by measurement of luminescence (33) . Erythromycin was added at a concentration of 50 g/ml to the growth medium to maintain the lux-expressing Salmonella strain UK1-lux. Before the experiments, UK1-lux was grown in antibiotic-free medium, and luminescence remained stable. UK1-lux was stocked in tryptic soy broth (TSB; Sigma) and glycerol (ratio, 60:40) and stored at Ϫ80°C until use. For each experiment, 10 l of UK1-lux stock was streaked on brain heart infusion (BHI; Sigma) agar containing 50 g/ml erythromycin and incubated aerobically for 10 h at 37°C. Subsequently, a luminescent colony was used to inoculate 20 ml of TSB and grown aerobically overnight; this was used to inoculate adherence and competitive exclusion assays. The UK1-lux strain was enumerated by spot plating serial dilutions on BHI agar and incubated aerobically at 37°C for 16 h. When An air-cooled argon ion laser emitting blue light at 488 nm was used with a standard filter setup. The side scatter signal was used as a trigger signal. The red fluorescence from PI-stained cells was detected through a 556-nm long-pass and a 585/42-nm band-pass filter (D channel). The green fluorescence from the TO-stained cells was detected through a 502-nm long-pass and a 530/30-nm band-pass (E channel) filter. The standard fluorescence-activated cell sorter (FACS) solutions were used according to the manufacturer's recommendations (BD Biosciences). All analyses were performed using a low flow setting (ϳ12 l/min), and the sample concentration was adjusted to maintain the CFU count at approximately 5 ϫ 10 6 CFU/ml (Ͻ1,000 events/s). The data points (10,000 events per sample) were collected and analyzed using BD FacsDiva, version 5.0 (BD Biosciences). Loss of cell integrity was calculated as the percentage of cells that had compromised membranes.
Fatty acid analysis. Bacterial cells (100 to 500 mg) were harvested by centrifugation (3,000 ϫ g for 7 min at 4°C) and washed twice with Dulbecco's phosphate-buffered saline (dPBS; Sigma). Fatty acids were extracted and methylated using the Anaer1 method of the MIDI microbial identification system (Microbial ID, Newark, NJ) with minor modifications (28) . Briefly, saponification was performed using 0.5 ml of methanolic NaOH (3.7 M; Sigma) and 0.5 ml of deionized water. Subsequently, 0.4 mg of internal standard (C 13:0 ; Sigma) was added to each sample (100 to 500 mg). Tubes were then sealed with screw caps, briefly vortexed, and placed in boiling water for 5 min. Following this, the tubes were vortexed and returned to boiling water for 25 min. The methylation step involved the addition of 2 ml of methanolic HCl (3.0 M; Sigma) per sample, followed by brief vortexing and heating in a water bath for 10 min at 80°C. The resulting fatty acid methyl ethers (FAMEs) were extracted using 1.25 ml of extraction solution (1:1 hexane-methyl tert-butyl ether [MTBE]; Sigma). The upper layer was collected and evaporated at 50°C with a constant flow of nitrogen. The FAMEs were then dissolved in 1 ml of hexane and stored at Ϫ20°C before analysis by gasliquid chromatography (GLC). The FAMEs were analyzed using a Varian GC3800 gas chromatograph (Varian, Palo Alto, CA) fitted with a CP 7420 column (CP Select CB FAME [Varian] ; 100 m; internal diameter, 0.25 mm; film thickness, 0.25 m). Samples (0.5 l) were injected on the column using an Autosampler 8400 and 1079 Injector (Varian). Thirty seconds after injection, a 20% split was initiated for 15 s. The injector was kept at 160°C for 6 s and then increased to 225°C. The column oven was set to 80°C for 8 min and then increased to 200°C (rate, 8.5°C/min) for 77 min. Compounds were detected using a flame ionization detector (FID; at 250°C) while the helium flow through the column was maintained constant at 1.0 ml/min. The retention times were compared with FAME standards (Sigma) to identify the fatty acids present in the sample. The concentrations were then calculated using standard calibration curves and reported as percent FAME. The FAMEs were grouped based on their conformational freedom as follows: saturated fatty acids (SFA) and unsaturated fatty acids plus cyclopropane fatty acids (UFAϩCFA).
Acid shock. L. johnsonii NCC 533 grown in MLM ϩ and in MLM ϩ supplemented with oleic, linolenic, and linolenic acids (all at 10 g/ml) was harvested in log and stationary phases by centrifugation (3,000 ϫ g for 7 min at 4°C). The harvested cells were then washed twice with dPBS. Following the second wash, the cells were resuspended in phosphoric acid buffer (100 mM) at pH 2.00 for 90 min. The cell integrity was monitored during acid shock. Before and after acid shock, the CFU count and the fatty acid profile were determined according to the methods described above.
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Heat shock. L. johnsonii NCC 533 grown in MLM ϩ and in MLM ϩ supplemented with oleic, linoleic, and linolenic acids (all at 10 g/ml) was harvested in log and stationary phases. Subsequently, a heat shock was applied at 58°C or 62.5°C for 5 min to 50-l samples using a gradient heat cycler (G-Storm; Genetech, Somerville, MA). The cell integrity and CFU counts were then analyzed before and after heat shock. Furthermore, the fatty acid profile was determined before and after heat shock for log-and stationary-phase cells. For this analysis, 50-ml samples were heat shocked by preheating cells to 58°C in an 80°C water bath and transferring them to a 58°C water bath for 5 min. Cell integrity and CFU counts were comparable in the 50-l samples heat shocked using a gradient heat cycler (data not shown).
Storage test. Stationary-phase L. johnsonii NCC 533 bacteria grown in MLM ϩ supplemented with oleic, linoleic, and linolenic acids (all at 10 g/ml) were harvested by centrifugation (3,000 ϫ g for 7 min at 4°C) and resuspended in acidified reconstituted skim milk ([RSM] 200 g/liter). The RSM was acidified with lactic acid (20%, vol/vol; Sigma) to pH 4.5 at 4°C. The acidified RSM samples were stored for 4 weeks at 4°C. Viability of L. johnsonii NCC 533 was measured every week using CFU counts; 0.5 g of sample was added to 0.5 g of MRD and spot plated following serial dilutions. Adherence. A 25-cm 2 flask was inoculated with 1 ml of HT-29 frozen stock (passage number 5) and grown to 80% confluency in CM. Cells were washed with dPBS and treated with trypsin (2.5 mg/ml)-0.53 mM EDTA solution (Sigma) at a rate of 0.5 ml per 25 cm 2 and incubated for 10 min at 37°C in a 5% CO 2 atmosphere. Cells were then transferred to a 12-well plate (at 10 5 cells per well) in CM, and medium was changed every 2 days until 15 days postconfluence, giving approximately 10 6 cells per well. Twenty-four hours before the adherence assay, medium was replaced with antibiotic-free CM. Probiotics were grown overnight to stationary phase and harvested by centrifugation (3,500 ϫ g for 10 min at 4°C) and washed twice with dPBS buffer. Salmonella UK1-lux was grown for 5 h in TSB and resuspended in McCoy 5A medium (supplemented with 12 mM L-glutamate). HT-29 cells were washed with dPBS, and probiotics suspended in McCoy 5A medium (supplemented with 12 mM L-glutamate) were added to each well at a rate of 10 9 CFU and incubated for 2 h. Following incubation, medium was removed, and wells were washed five times with dPBS and subsequently treated with 0.5 ml of trypsin (2.5 mg/ml)-0.53 mM EDTA solution for release of cells. Bacteria were enumerated using CFU counts in the released HT-29 cells. Salmonella UK1-lux was added at a rate of 10 6 CFU per well and incubated for 1 h before enumeration. The adherence experiments were assayed in parallel triplicates and repeated three times.
Competitive exclusion. Five hours before the competitive exclusion assay, fresh antibiotic-free TSB medium was inoculated with 1% overnight Salmonella UK1-lux (as described above). In this case, the HT-29 cells were prepared as described for the adhesion assay; however, after 1 h of incubation with NCC 533, 10 6 CFU of Salmonella UK1-lux suspended in McCoy 5A medium (supplemented with 12 mM L-glutamate) was added per well, at which point the luminescence was measured. After 1 h, cells were washed five times with dPBS to remove any nonadhered cells. Next, the cell suspension was incubated for 30 min (at 37°C) in 1 ml of McCoy 5A medium, and luminescence was recorded. To analyze invaded Salmonella, gentamicin (1 mg/liter) was added to 2/3 of the wells, and after 30 min of incubation (at 37°C) luminescence was recorded. Colonyforming units of probiotic and Salmonella bacteria were analyzed by trypsinizing the cells (as described above) and spot plating on MRS agar or XLD agar, respectively. The exclusion experiments were assayed in parallel triplicates and repeated three times. HT-29 cells challenged with just Salmonella or just NCC 533 were the negative and positive controls for these experiments, respectively. The data were normalized to the adhered and invaded Salmonella numbers without preexposure to bacteria, and results are presented as average values Ϯ standard deviation (SD). Adhesion was expressed as the adhesion index, i.e., the amount of adherent bacteria per 100 HT-29 cells, calculated as follows: A index ϭ 100 ϫ (number of CFU of adhered bacteria/number of HT-29 cells).
Luminescence. Luminescence was measured in 12-well plates (Sarstedt, Leicester, United Kingdom) using an IVIS 100 imager (Caliper Life Sciences, Hopkinton, MA). The camera settings were kept constant at 30 s of exposure, medium binning, and F-stop 1. The stage was set to position B, and regions of interest (ROIs) were created around each well. Luminescence was measured in average radiance per well (photons/s/cm 2 /steradian [RLU]). Microscopy. For differential interference contrast (DIC) microscopy, an Olympus BX51 (Olympus, Hamburg, Germany) fitted with DIC optics and a 60ϫ lens with a numerical aperture of 1.4 was used.
Statistical analysis. Heat shock, acid shock, and storage tests were repeated at least three times, whereas the adhesion and competitive exclusion assays were conducted in parallel triplicates and repeated three times. Significant differences were determined by using either paired or unpaired one-way analysis of variance ([ANOVA] GraphPad Prism, version 3.03 for Windows; GraphPad Software, San Diego, CA). Differences were considered significant at a P value of Յ0.05.
RESULTS
Our initial experiments confirmed that L. johnsonii NCC 533 had a growth requirement for oleic acid, and consequently Tween 80 was added to the minimal medium (4) . In order to find the lowest concentration needed for uninhibited growth, a dose-response curve with oleic acid was performed (Fig. 1a) . Since in these experiments maximum yield (e.g., highest OD) was not the objective, we chose to use the minimal concentration of Tween 80 where the maximum growth rate was achieved. The results demonstrated that supplementation above 5 g/ml of Tween 80 did not increase the growth rate significantly (P Ͼ 0.25). Therefore, 5 g/ml of Tween 80 was added to the base medium (MLM ϩ ). This base medium was then further supplemented with oleic, linoleic, or linolenic acid at a concentration of 10 g/ml, which was below the determined MIC (MICs of 22, 19, and 18 g/ml of oleic, linoleic, and linolenic acids, respectively). The supplementation of oleic, linoleic, or linolenic acid increased the maximum OD 590 of L. johnsonii by 29, 35, or 15%, respectively, compared with no supplementation (Fig. 1b) . Interestingly, the membrane composition of L. johnsonii grown on MLM ϩ supplemented with fatty acids was significantly changed compared to that of cells grown on MLM ϩ alone. Membranes of supplemented L. johnsonii in log and stationary phase contained over 30% of the supplemented fatty acid ( Table 1) .
The ratio between saturated fatty acids and unsaturated plus cyclopropane fatty acids (SFA/[UFAϩCFA]) decreased by 25% from log to stationary phase when the strain was grown in MLM ϩ alone (P Ͻ 0.05). There was no change in the SFA/ (UFAϩCFA) ratio from log to stationary phase on the addition of the free fatty acids to the growth medium. Nevertheless, the SFA/(UFAϩCFA) ratio decreased significantly (P Ͻ 0.05) compared with the unsupplemented strain by 50, 44, and 38% in log phase and 33, 42, and 33%, in stationary phase, respectively, when supplemented with oleic, linoleic, and linolenic acids (Fig. 2) . Interestingly, there was a significant increase (P Ͻ 0.05) of cyclopropane fatty acid (CFA) from log to stationary phase and a corresponding decrease of oleic acid in all treatments ( Table 1) . As expected, CFA reached the highest concentration when MLM ϩ was supplemented with its precursor, oleic acid. Conjugated linoleic acid was significantly increased in stationary-phase cells when bacteria were grown in MLM ϩ containing oleic acid. DIC microscopy revealed that the size of L. johnsonii NCC 533 grown in MLM ϩ increased up to 10-fold compared with NCC 533 grown in MRS medium (Fig. 3) , whereas the final cell count of NCC 533 following overnight growth in MLM ϩ was approximately 10-fold lower than with MRS medium.
Heat shock. Production of probiotic powders usually involves exposure to a series of stresses such as temperature, osmolarity, and mechanical damage, which can result in viability loss. In order to assess the heat stress tolerance of fatty acid-enriched L. johnsonii NCC 533, the survival of cells was determined following exposure to 58 and 62.5°C for 5 min. Survival was monitored by cell integrity loss and by CFU counts. In addition, the fatty acid profile was analyzed before and after heat exposure at 58°C. The results demonstrated that there was no significant difference in mortality between the on July 9, 2017 by guest http://aem.asm.org/ fatty acid-supplemented strain and the unsupplemented strain in log phase following 5 min of heat shock at 58 and 62.5°C (Fig. 4a) . However, cells harvested in stationary phase and grown in the presence of oleic, linoleic, and linolenic acids showed a significant decrease in cell integrity by 32, 73, and 75% at 58°C and by 39, 88, and 91% at 62.5°C, respectively (Fig. 4b) . The CFU data confirmed the trend that supplementation with linoleic and linolenic acids decreased heat tolerance compared to cells grown without fatty acid supplementation. However, the percentage of decrease in viability measured by CFU counts did not correspond with the cell integrity data obtained by flow cytometry. In general, the viability by CFU counts was lower than indicated by cell integrity results (Table 2 ). This could indicate that several cells were in a viable but nonculturable condition. Analyzing the membrane composition revealed that there was no significant difference in the fatty acid profiles before and after heat shock. Acid shock. To survive passage through the gastrointestinal tract, probiotics need to overcome the low pH encountered in the stomach. For this reason, the acid tolerance of fatty acidenriched L. johnsonii NCC 533 was analyzed by exposing logand stationary-phase-harvested cells to pH 2.0 for 90 min. Viability during acid stress was monitored using cell integrity and CFU counts. In addition, the membrane fatty acid profile was analyzed before and after the acid shock. Log-phase cells showed an immediate membrane integrity loss of approximately 25% following exposure to acid (Fig. 5) . Furthermore, there was no significant difference between L. johnsonii NCC 533 cells grown with or without fatty acids. Cells harvested in stationary phase were more resistant to the acidic conditions than cells harvested in the log phase. Interestingly, supplemen- Here, the CFU data showed a similar trend to the flow cytometric data, and there was a linear correlation observed between cell integrity and CFU viability counts (R 2 ϭ 0.95) (data not shown). This correlation would suggest that acid stress directly affects membrane integrity and thus cell viability (Table 3) .
Analysis of the membrane fatty acid profiles before and after acid shock revealed significant differences for stationaryphase-harvested cells while there was no significant difference in membrane profile for log-phase-harvested cells. Table 4 shows the membrane fatty acid composition before and after acid shock for stationary-phase-harvested L. johnsonii grown on supplemented medium. During acid shock, the levels of oleic acid increased significantly when medium was supplemented with linoleic or linolenic acid (P Ͻ 0.05). The increase in oleic acid was accompanied by a decrease of the respective supplemented fatty acid, suggesting that the polyunsaturated fatty acid was reduced. A similar saturation was observed from oleic acid to stearic acid in the case where medium was supplemented with oleic acid. However, the conversion to oleic acid did not seem to have a protective effect against acid since L. johnsonii NCC 533 grown in the presence of linoleic or linolenic acid had the lowest viability after acid shock, with only 20% survival upon exposure to pH 2 for 30 min.
Storage test. The viability of probiotic bacteria is of paramount importance during the shelf life of the food product since sufficient living cells need to exist at the time of consumption. For this reason, we determined the effect of supplementing the growth medium of L. johnsonii NCC 533 with unsaturated fatty acids on survival during storage in acidified milk over a period of 1 month. The viability of the strain decreased steadily by ϳ1 log per week for the first 3 weeks, while prior supplementation with free fatty acids to the growth medium had no significant effect on the survival (data not shown). These results would suggest that the stress responses occurring during storage in a yoghurt-like product are not correlated to survival mechanisms upon exposure to heat or acid, as described above.
Adherence and competitive exclusion. Adherence to gut epithelial cells and competitive exclusion of pathogens are considered important probiotic traits. Therefore, the effects of supplementing the growth medium of L. johnsonii NCC 533 with unsaturated fatty acids on the adherence to HT-29 epi- alone was used as a control. Supplementing the growth medium with oleic acid (10 g/ml) showed no significant effect on adherence compared to that of the control, while prior addition of linoleic and linolenic acids (10 g/ ml) reduced adherence significantly by 5-fold compared with that of the unsupplemented control. The adhesion indices of Salmonella UK1-lux and NCC 533 grown in supplemented MLM ϩ are summarized in Table 5 . The competitive exclusion properties of L. johnsonii NCC 533 grown in fatty acid-enriched medium were analyzed by adding Salmonella UK1-lux to HT-29 cells, which were preincubated with L. johnsonii NCC 533. HT-29 cells challenged with Salmonella were used as a negative control, and 17.5% and 2.1% of added Salmonella cells were found to adhere and invade, respectively. In contrast, preexposure of the HT-29 cells with L. johnsonii NCC 533, grown in fatty acid-supplemented minimal medium, significantly decreased Salmonella adherence and invasion in all cases (Fig. 6) . Preexposure of HT-29 cells with L. johnsonii NCC 533 (grown in MLM ϩ ) reduced Salmonella adhesion and invasion by 5.3-and 17.5-fold, respectively. Adhesion and invasion were further reduced by 4-and 2.5-fold, respectively, when L. johnsonii NCC 533 was grown in fatty acid-supplemented medium. Interestingly, cells preexposed to L. johnsonii NCC 533 grown in complex MRS 
DISCUSSION
This study has illustrated that the membrane composition in terms of fatty acid composition and concentration of unsaturated fatty acids can be altered dramatically in L. johnsonii NCC 533 by supplementing the growth medium with free fatty acids. To achieve this, a modified minimal Lactobacillus medium was designed that contained sufficient Tween 80 (0.05%, wt/vol) to support an optimal growth rate. Next, this basal medium was supplemented with oleic, linoleic, or linolenic acid. Little is known about biosynthesis of the cell membrane of L. johnsonii NCC 533 and incorporation of fatty acids. However, a comparative genomics study has shown that it lacks common genes for de novo fatty acid synthesis (4), and as a consequence L. johnsonii NCC 533 has to acquire fatty acids from external/environmental sources. The supplemented fatty acids improved the growth of L. johnsonii NCC 533 compared to growth in MLM ϩ alone, but survival following heat and acid stress decreased with increased unsaturation of the membrane fatty acids. The supplementation of free UFA decreased the SFA/(UFAϩCFA) ratio significantly compared to the level with MLM ϩ alone. Furthermore, only for NCC 533 grown in pure MLM ϩ did the ratio SFA/(UFAϩCFA) decrease from log to stationary phase. It could be concluded, since log phase cells are more sensitive to stress than stationary phase cells (10, 27, 42) , that reducing the SFA/(UFAϩCFA) ratio is beneficial for cell survival. However, the UFA-supplemented cells had a lower SFA/(UFAϩCFA) ratio and were the most sensitive. Here, it is hypothesized that the ratio alone is not sufficient to determine stress sensitivity, and it is important to include the kind of unsaturation. Linoleic and linolenic acids have two and three double bonds, respectively, and thus will cause more sterical hindrance for membrane packing than oleic acid. When external stress is applied, this sterical hindrance could result in membrane integrity loss and cell death.
Moreover, in all samples an increase in the concentration of CFA and a decrease of its precursor oleic acid were found in the membranes of stationary versus logarithmically grown cells. Importantly, however, while the conversion of oleic acid to CFA would not change the SFA/(UFAϩCFA) ratio, the structural difference incurred could have an influence on the fluidity of the membrane. It is evident from the structures of oleic acid and CFA that CFA would provide less stereometric hindrance in the lipid layer than oleic acid. It could be that this mechanism actually decreases the fluidity in L. johnsonii NCC 533 and contributes to the stability of the strain when it is stressed by allowing for closer packing of the membrane fatty acid and thus decreasing the risk of membrane integrity loss. This could also explain why L. johnsonii with the highest CFA concentration showed the highest survival rate following acid shock. Earlier studies reported on the increased cyclopropanation of the membrane of several LAB by the addition of oleic acid to the growth medium (20) . Moreover, CFA is believed to play a role in acid and solvent resistance in E. coli and other bacteria (5, 41, 51) . This hypothesis could be confirmed in situations where microorganisms were exposed to stress and where the cfa synthase genes were found to be upregulated and cyclopropane fatty acid was incorporated into the membrane. Overexpression of the cfa synthase gene in Clostridium acetobutylicum also increased tolerance to acid and solvent (51) .
Fatty acid composition and, in particular, the degree of saturation in the bacterial membrane are probably correlated with the fluidity of the membrane, with fluidity increasing with desaturation (2). Membrane fluidity is believed to play a crucial role in stress resistance, and the relationship between fluidity and stress resistance has been used to predict the outcome of cell resistance to stress (15, 24, 39) . The membrane composition of yeast during stress has been extensively studied, and it was reported that more unsaturation in the membrane increased the sensitivity to heat (40) . In another study, Saccharomyces cerevisiae with increased membrane fluidity also showed decreased heat resistance while ethanol resistance increased (29, 30) . It was also reported that when Oenococcus oeni was heat or acid stressed, the membrane fluidity increased in contrast to ethanol stress, which decreased membrane fluidity (44) . These reports confirm our results, which showed that L. johnsonii NCC 533 supplemented with unsaturated fatty acids had increased sensitivity to heat and acid stress. We hypothesize that the desaturation acquired from the supplemented medium, in combination with the stress, increased the membrane fluidity to the extent of integrity loss, as can also be derived from the observation that cell death occurred with loss of membrane integrity during acid stress. However, heatshocked bacteria retained cell integrity but were unable to propagate. This would suggest that internal mechanisms, such as enzyme inactivation or denaturation, rendered the cells incapable of cell division while membrane integrity was sustained. Similar results were previously reported when the inactivation of Lactobacillus plantarum during pulsed electric field was investigated (50) . In that study, cells were exposed to different heat treatments while the membrane integrity was followed, and no correlation was found between heat inactivation and membrane integrity.
Our results also showed that the membrane composition of L. johnsonii NCC 533 did not change following heat shock, and this might be because the duration of the heat shock was too short to record a difference. It has been reported that 20 min was required to observe changes in the membrane composition of Streptococcus mutans in response to environmental changes (14) . Following acid stress, however, the concentration of unsaturated fatty acids (oleic, linoleic, and linolenic acids) decreased in favor of stearic or oleic acid, which could be part of a survival mechanism to remove increased proton concentration within the cell during acid stress. This observation was similar to earlier findings, where stearic acid increased significantly in lactobacilli following acid exposure when oleic acid was supplemented in the medium (7) . Here, during acid stress, linolenic acid (C 18:3 ) was converted to oleic acid (C 18:1 ) in L. johnsonii NCC 533, suggesting that at pH 2, the proton concentration is so high that the desaturation reaction is shifted completely to oleic acid since the intermediate linoleic acid (C 18:2 ) was undetected.
The mechanisms underlying probiotic functionality, such as adhesion and related competitive exclusion of pathogens, are considered important probiotic traits. In this study, we reported (22) . This would not, however, explain the results reported here since no additional fatty acids were added to the growth medium of HT-29 cells, and carryover was minimized by washing the bacteria suspension twice with buffer. Other investigators have shown that adhesion was increased for L. casei Shirota when unsaturated fatty acids (5 g/ml) were added to the growth medium while at higher concentrations (10 to 40 g/ ml) adhesion of Lactobacillus GG and L. casei Shirota to Caco2 cells was inhibited (22) . These results confirm our findings, i.e., that increased unsaturated fatty acids interfered with the binding of L. johnsonii NCC 533 to HT-29 cells. This could be related to minor changes in the hydrophilic and hydrophobic characteristics of membranes when bacteria are grown in the presence of unsaturated fatty acids, which could change the hydrophobic interactions in microbe-microbe interactions (21) . Another aspect of this study was to investigate the effect of fatty acid supplementation on competitive exclusion of S. Typhimurium UK1-lux. L. johnsonii NCC 533 grown in MLM ϩ reduced Salmonella invasion significantly. Surprisingly, even though fewer L. johnsonii NCC 533 bacteria adhered to HT-29 cells when growth medium was supplemented with linoleic and linolenic acids, Salmonella infection was reduced. This may be because the increased unsaturation decreased the hydrophobic interaction between L. johnsonii NCC 533 and HT-29 cells, resulting in a weaker adhesion, and while still blocking adhesion sites on HT-29 cells, the bacteria might have been washed away prior to enumeration. One of the mechanisms proposed for how probiotics prevent pathogens from infecting cells is that they sterically hinder the adherence of pathogens (13) , which might explain the increased exclusion properties when L. johnsonii NCC 533 was grown in MLM ϩ compared to growth in nutrient-rich MRS medium. The amount of L. johnsonii NCC 533 added to HT-29 cells was based on CFU counts, and since it was observed that the size of L. johnsonii NCC 533 grown in MLM ϩ increased 10-fold compared to growth in MRS medium, the steric hindrance of L. johnsonii NCC 533 grown in MLM ϩ would be much larger per CFU than that of L. johnsonii NCC 533 grown in MRS medium.
Conclusions. The market for probiotic products is still growing in terms of volumes and product varieties while the regulations concerning probiotic health claims continue to become stricter. Since probiotic products are required to contain a certain number of live probiotic bacteria, much research has been devoted to technical properties such as the survivability of strains during shelf life and gastric transit. This study has shown that by supplementing growth medium with unsaturated fatty acids, the responses to heat and acid stress were affected. In addition, the morphology, adherence, and competitive exclusion properties were affected by this supplementation. Based on these results, it can be concluded that medium components can be selected to affect bacterial properties, such as physiology, biomass yield, or stress tolerance. Furthermore, it shows that the membrane composition contributes to stress resistance and competitive exclusion properties. This could be used to further understand the stress response mechanisms of probiotics and lead to better medium components that will increase the survival of probiotic bacteria during and following stress.
Finally, at present, probiotics are added to products based on the concentration of living probiotics, and we expect that the results of our study and work from others (17) will support the discussion to focus research on development of bioassays assessing the probiotic functionality or biomass rather than using only viability assays.
